When humans voluntarily activate a muscle, intracortical inhibition decreases. Such a decrease also occurs in the presence of a postural challenge and more so with increasing age. Here, we examined age-related changes in motor cortical activity during postural and non-postural contractions with varying levels of postural challenge. Fourteen young (age 22) and twelve old adults (age 70) performed three conditions: (1) voluntary contraction of the soleus muscle in sitting and (2) leaning forward while standing with and (3) without being supported. Subthreshold transcranial magnetic stimulation was applied to the soleus motor area suppressing ongoing EMG, as an index of motor cortical activity. The area of EMG suppression was ~60% smaller (p<0.05) in unsupported vs. supported leaning and sitting, with no difference between these latter two conditions (p>0.05). Even though in absolute terms young compared with old adults leaned farther (p=0.018), there was no age effect or an age by condition interaction in EMG suppression. Leaning closer to the maximum without support correlated with less EMG suppression (rho=-0.44, p=0.034). We conclude that the critical factor in modulating motor cortical activity was postural challenge and not contraction aim or posture. Age did not affect the motor control strategy as quantified by the modulation of motor cortical activity, but the modulation appeared at a lower task difficulty with increasing age.
INTRODUCTION
Although historical studies in intact and decerebrate animals identified subcortical neural circuits, especially spinal reflexes, as centers to control upright standing [1, 2] , recent studies have provided evidence for the involvement of the motor cortex [3] [4] [5] [6] . However, it remains elusive if the motor cortical control differs between voluntary and postural contractions and if age affects this control [7] .
When humans voluntarily activate a muscle, the magnitude of short-interval intracortical inhibition (SICI) decreases [8] [9] [10] [11] . It is thought that inhibitory intracortical circuits modulate the excitability of the cortical neurons that project to the spinal motor neurons of the muscles involved in the task [12] . The degree of reduction in intracortical inhibition is related to contraction intensity [9, 11] , contraction type [13] , and whether the movement starts or ends [14] . SICI is also modulated during postural contractions, defined as contractions with the aim to maintain a certain posture, as shown by a reduction in SICI in the soleus muscle during standing as compared with sitting [15] .
In addition to the aim of the contraction (postural vs. non-postural), postural challenge may also affect inhibition. We define postural challenge as the degree of difficulty one encounters in holding a specific body position. SICI in the tibialis anterior is lower during standing as compared with sitting, even though this muscle is only weakly activated during these tasks [16] . Such a context-related reduction in SICI suggests that increased postural challenge is coupled with higher motor cortical excitability. A limitation of comparing sitting with standing is that not only postural challenge but also posture itself is different between conditions, which may affect motor cortical excitability [17, 18] . However, also when normal standing was compared with supported standing, motor cortical excitability in the soleus muscle was higher [3] and SICI was lower [19] during normal standing. The emerging picture is that the motor cortex is involved in postural contractions to control upright standing and that its excitability increases with increasing postural challenge.
There is some evidence that the postural challenge-related increase in motor cortical excitability increases with age. When healthy adults stood on a rigid surface and then on foam, this increase in postural challenge resulted in a decrease in SICI in old but not in young adults' tibialis anterior muscle [20] . However, this age by condition interaction was not present in normal standing, a relatively easy postural task [19, 21] . Therefore, it is unclear if the modulation between a stable and unstable condition in old adults reflects a different motor control strategy or different relative task difficulty (i.e., the same task being more difficult for old than young adults). Moreover, it is unclear if age affects the motor cortical control of postural and non-postural contractions.
Therefore, the aim of the current study was to examine age-related changes in motor corti-cal activity during non-postural and postural contractions in a postural challenging and non-challenging context. Subjects were asked to (1) voluntarily contract the soleus muscle during sitting (SIT), (2) lean forward during standing, with support at the chest (SL), and (3) lean forward during standing, without support (UL). These conditions allowed us to disentangle the effects of contraction aim, postural challenge, and posture, and to investigate the interaction with age.
To examine motor cortical activity, we applied transcranial magnetic stimulation pulses at subthreshold intensities (subTMS). Such pulses suppress ongoing electromyographic (EMG) activity through the activation of inhibitory intracortical circuits [22] .
Based on fMRI and TMS studies, suggesting that motor control relies more on cortical structures in old compared with young adults [20, [23] [24] [25] , we hypothesized an age by condition interaction in motor cortical activity as indexed by TMS-induced EMG suppression. We also expected that the pattern of changes in EMG suppression between the conditions would provide insights into which of the three factors (contraction aim, postural challenge, posture) is critical in modulating motor cortical activity (see Fig. 1 ). If contraction aim is a critical factor, we would expect a gradual change in TMS-induced EMG suppression from sitting to supported leaning to unsupported leaning. We note that during supported leaning the contraction was a combined postural and non-postural contraction. As support was provided only at the chest, a postural contraction was still needed to prevent the body from buckling at the hip. To reach the target EMG level subjects were instructed to add a small amount of voluntary activation to the ongoing activation produced by the postural contraction, resulting in a mix of voluntary and postural soleus activation. If postural challenge is a critical factor in modulating motor cortical activity, we would expect similar TMS-induced EMG suppression in sitting and supported leaning, with different suppression in unsupported leaning. If posture is critical, we would expect supported and unsupported leaning to be similar, with different TMS-induced EMG suppression in sitting.
MATERIALS AND METHODS

Subjects
Sixteen young (20-31 years) and seventeen old adults (64-83 years) participated in the study (Table 1) . Participants were free of neurological or orthopedic conditions, non-dental associated metal within the cranium, did not take neuroactive drugs or drugs known to affect balance, and reported to be not pregnant. General cognitive function was assessed by the Mini-Mental State Examination (MMSE) and physical activity level by the Short Questionnaire to Assess Health-enhancing physical activity (SQUASH). Lower extremity function was evaluated by the Short Physical Performance Battery (SPPB), including standing balance, walking speed and chair stand tests [26] . Before the experiment, all subjects signed an informed consent document approved by the Medical Ethics Committee of the University Medical Center Groningen. The experiments were conducted in one, 3-hour-long session. Subjects were standing on two force platforms with the feet in a self-selected position that was marked on the force platforms to ensure consistent positioning throughout the experiment (intermalleolar distance, young: A dark green horizontal line was set as a CoP target at 75% of the maximum voluntary and unaided forward lean. Thus, task difficulty was adjusted to individual skill level. Two light green horizontal lines at 70% and 80% of the maximum cued the subjects to keep the CoP on the dark green target line and within the 5% band around it. Subjects were instructed to try to keep the ball on the target line. During SL, the body position was kept the same as during UL but the subjects were supported at chest level by a sturdy and adjustable custom-made frame. Subjects were instructed to rest against the frame with full body weight. During SL and SIT, subjects matched the soleus EMG activity with that recorded during UL. In these conditions, instead of the red ball, subjects received online feedback in the form of the rectified and smoothed EMG signal displayed together with a horizontal target line. Subjects were instructed to try to keep the line of the ongoing EMG on the target line. In SL, subjects matched the EMG recorded in UL by putting more pressure on the right forefoot without changing posture. In SIT, the EMG matching was accomplished by raising the heel against resistance from a strap fixed tightly around the forefoot and over the knee.
Experimental protocol
After each condition, subjects were asked to fill in the Borg Rating of Perceived Exertion (RPE) scale (ranging from 6 to 20) [27] . At the beginning of the experiment subjects were instructed to stand quietly for 10 s. These data were used as a reference to quantify forward lean and determine differences in joint angles between standing and leaning. Before and after the experiment, subjects performed another 30 s of UL without stimulation to determine if the experimental protocol caused fatigue.
Data acquisition
Parallel-bar EMG sensors (TrignoTM Wireless System, Delsys, Natick, MA, USA) were placed on the muscle belly of the soleus muscle of the preferred leg. The preference leg was determined by testing which foot was used when kicking a football, pushing an object with the foot, and stamping on the ground [28] . To minimize impedance, the skin was shaved, abraded with fine-grain sandpaper, and cleaned with alcohol. Surface EMG was pre-amplified 300x in the sensor and then further amplified by a factor of 3.03 in the base station, resulting in a total signal amplification of 909. Signals were sampled at 4 kHz and bandpass filtered with a second order Butterworth filter 
Transcranial magnetic stimulation
A double cone coil (inner loop diameter 110 mm) connected to a Magstim 200 2 and Bistim2 (Magstim, Whitland, UK) was used to magnetically stimulate the primary motor cortex contralateral to the preferred leg. The coil, held by the experimenter, was positioned so that the current in the coil flowed in an anterior-to-posterior direction. The hotspot for the soleus muscle was located by moving the coil in a systematic manner laterally and posteriorly from the vertex in steps of 0.5 cm. This hotspot was marked on the scalp to enable the experimenter to hold the coil in the same position throughout the experiment. Active motor threshold (aMT) was defined as the minimum intensity at which an MEP above bEMG could be evoked in three out of five consecutive trials and was determined during SIT with subjects matching the soleus EMG activity recorded during UL.
The MEP's recorded during this procedure were used to determine MEP onset. Stimulation intensity was then decreased to 80% of aMT and single pulses were given every 1. given between blocks and rest periods of 5 min between conditions. As in previous studies using subTMS [22, 29, 30] , two young and five old adults were excluded because they did not exhibit suppression without a preceding facilitation in all conditions. 5
Data analysis
Custom made scripts (Mathworks Matlab R2009b) were used for data analysis. EMG traces before and after the TMS pulses were rectified and averaged across trials. BEMG was calculated by averaging the rectified EMG from the 300 ms time window before stimulation. For every participant the MEP onset was determined from the data with suprathreshold TMS pulses. The onset of suppression after subTMS was defined as the first time point where the averaged EMG response was below the level of bEMG for at least 5 ms in the 30 ms time window starting at the MEP onset.
The end of suppression was defined as the first time point where the averaged EMG response was above bEMG for longer than 1 ms. In two young and two old subjects this algorithm did not find any EMG suppression during UL, although it did find EMG suppression during SIT and SL. In these cases we determined the onset and end of suppression manually by visual inspection. Exclusion of these subjects did not affect the main results. We quantified EMG suppression as a product of the mean amplitude of suppression in percent of bEMG and the duration of suppression in ms (i.e., Amp norm *ms). In most subjects we also observed a facilitation in EMG after the suppression.
Quantification of the magnitude of this facilitation was done similarly as for the suppression. Finally, to assess fatigue, median frequency (MDF) of the EMG signal during unsupported leaning at the beginning and the end of the experiment was calculated. 
Statistical analysis
All variables were checked for normal distribution prior to analysis. Male/female proportions were compared between young and old adults using the chi-square test. Other subject charac- 
RESULTS
Behavioral results
There was no difference in percentage of lean between young and old adults (t(11.7)=0. Despite instructions to lean from the ankle, leaning strategies were slightly different between the two groups. Old adults showed a greater difference in hip angle between upright standing and leaning than young adults (t(14)=-2.5, p=0.023) and a trend towards a smaller difference in the ankle angle (t(19)=1.7, p=0.099). Differences in knee angle between standing and leaning were similar between the groups (t(19)=0.3, p=0.794).
EMG activity
As intended, the level of EMG activity did not change between conditions (F( 
TMS measures
Active motor threshold and TMS stimulation intensity were higher in old (aMT: 53±3%, stimulation intensity: 37±2%) compared with young (aMT: 45±2%, stimulation intensity: 30±2%) adults (t(24)=-2.2, p=0.036; t(24)=-2.5, p=0.02). 
Correlations
Although the target lean was set at 75% of the maximum, there was still some individual variety in percentage lean, ranging from 70.2 to 79.1%. Participants leaning closer to their maximum showed less EMG suppression during UL as a percentage of EMG suppression during SL (rho=-0.44, p=0.034; Fig. 4 ), even when controlled for bEMG during UL (rho=-0.53, p=0.012). There was, however, no correlation between EMG suppression and leaning performance, quantified by CoP variability (rho=-0.12, p=0.590) and error from the target (rho=-0.14, p=0.526). 
Fatigue
There were no signs of fatigue during the experiment. There was no change in EMG MDF during leaning before and after the experiment (F(1,24)=2.1, p=0.164) and the Borg rating of perceived exertion were low (Young: SIT: 11.0±0.6, SL: 9.5±0.7, UL: 9.6±0.5; Old: SIT: 9.7±0.7, SL: 10.0±0.7, UL: 9.1±0.5).
DISCUSSION
We examined age-related changes in motor cortical activity during postural and non-postural contractions in a postural challenging and non-challenging context. The main finding was a decrease in TMS-induced EMG suppression during UL compared with SL and SIT in both age groups.
Moreover, leaning closer to the personal maximum correlated with a greater decrease in EMG suppression. The results suggest that postural challenge, and not contraction aim or posture, was the critical factor in modulating motor cortical activity. As quantified by the modulation in EMG suppression, age did not affect motor control strategies under the current experimental conditions, in which the task was adjusted to individual skill level.
Cortical mechanisms
The subTMS method was first described by Davey et al. [22] , and subsequent experiments using a variety of techniques supported the idea that the TMS-induced EMG suppression originates from activation of intracortical inhibitory circuits, reducing motor cortical output [22, 29, 31, 32] .
For example, transcranial electrical stimulation, thought to activate the axons of the corticospinal neurons directly, does not suppress ongoing EMG [29] . Moreover, subTMS produces no recognizable descending volleys measured with high cervical, epidural electrodes [31] . Together these studies suggest that subTMS only activates motor cortical neurons with minimal or no influences from segmental circuits on the TMS-induced EMG suppression.
Changes in TMS-induced EMG suppression can be attributed to changes in the cortical contribution to the ongoing EMG or changes in intracortical inhibition [33] . When the cortical contribution to the EMG is reduced, inhibition of the corticospinal pathway will have a smaller influence on the EMG, resulting in less TMS-induced EMG suppression. Alternatively, reduced excitability of intracortical inhibitory circuits (or increased excitability of intracortical facilitatory circuits) would also result in less TMS-induced EMG suppression. We have two reasons to favor the last explanation in the current study. First, similar changes in intracortical inhibition between postural tasks have been found using paired pulse TMS [16, 19, 20] . Second, greater forward lean was associated with greater reductions in EMG suppression. It seems unlikely that one would reduce cortical contribution when getting closer to the boundaries of stability. We therefore propose that the modulation in TMS-induced EMG suppression found in the current study was related to mod-ulation in intracortical circuits and not to changes in cortical contribution to the ongoing EMG.
Postural challenging and non-challenging context
Several lines of evidence suggest that the level of muscle activation may not be the only factor underlying the modulation of corticospinal excitability and intracortical inhibition. The nature of the task, i.e., how and in what context a muscle is used also seems to contribute to this modulation. For example, in exploring the basic neural processes involved in the functional linking between motor cortical points in the ketamine-anaesthetized cat, pharmacological and electrical microstimulation manipulations revealed functional connections in the recruitment of muscle synergies [34] . In healthy humans, there was a context-dependent modulation of SICI across shoulder, elbow, and finger muscles during the execution of a pointing task [35] . There was also a functional coupling between index finger and thumb muscle activation when healthy adults used these muscles synergistically, mediated at least in part by a decrease of SICI and an increase of recurrent excitation [36] .
With respect to postural control, previous studies have compared contractions during sitting vs. standing to investigate the influence of contraction aim on corticospinal measures [15, 16, 21, 37, 38] . However, this method has the limitation that not only contraction aim, but also posture and postural challenge are altered. To the best of our knowledge, the present study is the first to investigate the different factors (contraction aim, postural challenge, posture) separately.
The pattern of modulation in EMG suppression (less suppression during UL compared with SL and SIT) suggests that postural challenge was the most critical factor modulating motor cortical activity, whereas contraction aim and posture had no or only a small influence.
The modulation in EMG suppression between postural challenging and non-challenging
contexts observed in the current study is consistent with the literature reporting a decrease in intracortical inhibition and an increase in cortical excitability with an increase in postural task difficulty [3, 16, 20, 21] . We found that the modulation was not correlated with motor performance, but it was correlated with the CoP position in relation to the maximum forward lean. This is somewhat surprising, and suggests that it is not merely task difficulty that influences the intracortical circuits, as task difficulty would also be reflected in CoP variability. It seems that instead the modulation in motor cortical activity was related to the threat of losing balance, which increases when moving the center of mass closer to the boundaries of stability. Interestingly, changes in intracortical inhibition and cortical excitability are not always related to level of muscle contraction and are present even when the investigated muscle is relaxed [16] or, as in the present study, when muscle activity is similar between conditions [3] . Therefore, we speculate that these modulations are a reflection of an increased readiness state of the central nervous system to counteract possible oncoming perturbations. In behavioral research investigating the effect of expectation and context on postural responses to surface translations or rotations this readiness state is referred to as "central set" [5] . Whether the modulation in intracortical circuits indeed underlies central set changes for postural responses would be an interesting topic for future research.
No age-related differences in modulation of EMG suppression
To the best of our knowledge, this is the first study using subthreshold TMS in old adults. We found no age-related differences in the modulation of EMG suppression between conditions.
These results are consistent with a previous study where we used paired pulse TMS and found similar modulation of SICI between supported and unsupported standing in young and old adults [19] . However, we did find an age by condition interaction in SICI when comparing standing on foam vs. standing on a rigid platform [20] . Differences in postural challenge can explain these different outcomes. When young and old adults perform the same difficult task (standing on foam), old adults will be more unstable likely due to age-related changes in sensory input [39, 40] , muscle strength [41] [42] [43] , and nerve conduction velocity [44] . The greater relative postural challenge might underlie the greater modulation in intracortical inhibition. In the present study we adjusted postural challenge to personal skill level, by setting the target relative to the maximum.
Despite the fact that individual maxima for forward leaning were much lower in old adults, modulation of EMG suppression was similar between young and old adults. This suggests that age does not affect the motor control strategy of reducing intracortical inhibition when posture is challenged. However, the absolute threshold when modulation of intracortical inhibition is required seems to be lower.
EMG facilitation
In most subjects EMG activity became facilitated after the suppression. Similar facilitation has been reported in previous studies but the neural correlates remain unclear [22, 29, 33, 45] . Consistent with Seifert and Petersen [33] , we did not find a relationship between the magnitude of suppression and facilitation in young subjects. However, in old adults greater facilitation was correlated with greater suppression. Therefore, it seems likely that at least part of the facilitation was due to a 'rebound' effect; a synchronous discharge of the motor units after a period of inhibition [45, 46] . The facilitation may also be due to activation of intracortical excitatory circuits [33, 45] .
Limitations and future recommendations
Although subjects received feedback in all conditions, the type of feedback differed between UL (CoP position) and SIT and SL (rectified EMG signal). As the type of feedback can influence sub-TMS induced EMG suppression [47] , we cannot rule out the possibility that the type of feedback played a role in the reduction of EMG suppression during UL. However, there are two reasons why we believe this is not the case. First, Lauber et al. [47] reported greater EMG suppression during a position-controlled task when compared with a force-controlled task. Therefore, greater instead of lower EMG suppression would be expected during UL if the modulation was due to the type of feedback. Second, the correlation between the forward lean and EMG suppression during UL cannot be explained by differences in feedback.
Another limitation is that, although the leaning target was set to each subject's maximum, old compared with young adults still exhibited higher bEMG as a percentage of MVC (21 vs 12% MVC). This was caused by lower MVC values in old adults, as the absolute bEMG was similar in the two age groups. Although contraction at 10 to 40% of MVC did not affect TMS-induced EMG suppression [33] , we nonetheless compared EMG suppression using an analysis of covariance with bEMG as a covariate. The condition and age by condition interaction effects remained similar to the initial analyses. Therefore, we conclude that the age-related difference in bEMG did not affect our main results. However, the interpretation of the age main effects with respect to EMG suppression and facilitation requires caution. Future research will clarify whether the age-related differences in EMG suppression and facilitation are still present when examined during muscle contractions of similar intensity, and whether under such conditions the age-related differences in inhibition and facilitation are related to balance performance.
Conclusion
TMS-induced EMG suppression, most likely reflecting intracortical inhibition, was lower during muscle contractions to keep a forward leaning posture than during voluntary contractions while sitting and during supported leaning. This decrease was due to differences in postural challenge,
and not due to differences in contraction aim (postural vs. non-postural) or posture (leaning vs. sitting). Even though in absolute terms forward lean was farther in young than in old adults, modulation of TMS-induced EMG suppression was similar between young and old adults. This suggests that age does not affect the motor control strategy of modulating motor cortical activity with increasing postural challenge, but the modulation appears at a lower task difficulty with increasing age.
